We demonstrate high-speed charge detection at room temperature with single-electron resolution by using a radio-frequency field-effect transistor (RF-FET). The RF-FET combines a nanometerscale silicon FET with an impedance-matching circuit composed of an inductor and capacitor. Driving the RF-FET with a carrier signal at its resonance frequency, small signals at the transistor's gate modulate the impedance of the resonant circuit, which is monitored at high speed using the reflected signal. The RF-FET driven by high-power carrier signals enables a charge sensitivity of 2 Â 10 À4 e/Hz 0.5 at a readout bandwidth of 20 MHz. 4 One of the major breakthroughs in charge sensors was the development of the radio-frequency single-electron transistor (RF-SET). By using an impedance matching circuit, the RF-SET achieved both extremely high charge sensitivity and a wide bandwidth (1.2 Â 10 À5 e/Hz 0.5 at 1.1 MHz). 5 Because of this unique combination, the RF-SET also has stimulated fundamental research on single-electron transport via a quantum dot for quantum information processing.
We demonstrate high-speed charge detection at room temperature with single-electron resolution by using a radio-frequency field-effect transistor (RF-FET). The RF-FET combines a nanometerscale silicon FET with an impedance-matching circuit composed of an inductor and capacitor. Driving the RF-FET with a carrier signal at its resonance frequency, small signals at the transistor's gate modulate the impedance of the resonant circuit, which is monitored at high speed using the reflected signal. The RF-FET driven by high-power carrier signals enables a charge sensitivity of 2 Â 10 À4 e/Hz 0.5 at a readout bandwidth of 20 MHz. V C 2013 AIP Publishing LLC. Charge sensors based on a nanometer-sale transistor have been widely studied to detect extremely small signals, 1 such as image charges from DNA, 2 single-electron chargecoupled devices, 3 and mechanical motion. 4 One of the major breakthroughs in charge sensors was the development of the radio-frequency single-electron transistor (RF-SET). By using an impedance matching circuit, the RF-SET achieved both extremely high charge sensitivity and a wide bandwidth (1.2 Â 10 À5 e/Hz 0.5 at 1.1 MHz). 5 Because of this unique combination, the RF-SET also has stimulated fundamental research on single-electron transport via a quantum dot for quantum information processing. [6] [7] [8] The RF-SET offers three advantages for charge detection: (i) a single-electron transistor with high charge sensitivity due to Coulombblockade transport via a tiny island, 1 (ii) a reflectometry technique by connecting the SET to an impedance matching circuit composed of an inductor expands the readout bandwidth, and (iii) substantial reduction of low-frequency flicker noise due to the high operating frequency. However, in practice, the RF-SET is limited to use in only cryogenic sensing applications due to its reliance on Coulomb blockade. Silicon SETs with large charging energy can increase the working operating temperature; however, it is still in practice limited to less than 13 K. 9 The idea of the RF-SET has in recent years also been extended to charge sensors based on quantum point contacts (QPCs) in the form of the RF-QPC: 10 however, like the RF-SET, the RF-QPC also requires cryogenic temperatures.
Silicon field-effect transistors (FETs) with nanometerscale channels represent a unique room-temperature charge detector that also achieves charge sensitivity with single-electron resolution. 11 The small channel allows current characteristics to be modulated sensitively by a single electron 11 and has the smaller Flicker noise in comparison with wide channels, 12 leading to a charge sensitivity of 1.3 Â 10 À3 e/Hz 0.5 even at room temperature. Such features of the silicon nanometerscale FET expand the range of detectable charge signals and have been recently used to sense infrared radiation, 13 molecules, 14 and mechanical motion. 15 However, the operation speed of the dc FET is slow ($2 kHz) due to the large channel resistance R C combined with the large stray capacitance C S at the drain contact, giving a large R C C S time. Additionally, the flicker noise at low frequency necessitates heavy filtering to achieve low noise, which also limits operation speed.
Here, we introduce a reflectometry technique using a nanometer-scale silicon FET incorporated with an LC tank circuit, which is referred to as an RF-FET. We use the tank circuit to match the low impendence of the RF electronics to the high-impedance of the nanometer sized FET channel. The nano-FET has capability of single-electron detection at room temperature and allows us to use a high-power carrier signal for reflectometry. Combining these two features, we achieve a combination of a room-temperature charge sensitivity of 2 Â 10 À4 e/Hz 0.5 with a 20 MHz readout bandwidth. Figures 1(a)-1(c) show the schematics for DC measurements of a FET-based electrometer (E-FET) used to detect a single electron. The detailed fabrication and mechanism are explained elsewhere. 11 A storage node (SN) is located close to the channel of the E-FET and connected to another transistor (T-FET) which transfers single electrons. The nanometer-scale E-FET's channel as well as a narrow gap between the channel and SN enable single electrons in the SN to modulate the current I E flowing through the E-FET due to capacitive coupling between the SN and E-FET's channel. Additionally, the nanometer-scale FET reduces the Flicker noise. 12 As a result, the motion of single electrons entering and leaving the SN can be monitored as a quantized change in I E even at room temperature as shown in Fig. 1 (e). Using this quantized change in I E and transconductance of the E-FET, we calibrate the signal level corresponding to a single-electron sensitivity in the E-FET. 11 In Fig. 2 , we introduce the RF-FET. An equivalent circuit of the RF-FET is shown in Fig. 2(a) . The E-FET is connected to an inductor L of 431 nH. The inductor is connected in parallel with a stray capacitor C S of 5.2 pF originating from the E-FET and wiring. In order to characterize the A sharp dip at a resonance frequency f reso of 106 MHz is observed with a quality factor Q ¼ 3.03. Using the measured resonance frequency of the RF-FET together with the known self-resonant frequency of the inductor (550 MHz), we determine the total stray capacitance of the RF-FET configuration to be 5.2 pF, most of which arises from the capacitance of the drain pad to the substrate and from wiring between the FET and inductor.
In Fig. 2(b) , we demonstrate the operation principle of the RF-FET. In the RF-FET, a voltage applied to the upper gate (UG) changes the channel resistance and, consequently, changes the sharpness and depth of S11characteritics at f reso . This modulation of S11 characteristics is essential for the reflectometry technique: a target signal to be detected by the RF-FET is monitored as the change in S11 caused by the modulation of R C . To maximize the charge sensitivity, the dip in S11 at the resonant frequency should be as large and as sharp as possible. Theoretically, this is achieved by making the channel resistance R C as close as possible to L/C S Z 0 , where Z 0 is the characteristic impedance of the RF electronics (Z 0 ¼ 50 X). 5, 16, 17 Figure 2(c) shows the change in S11 at f reso when R C is changed by tuning the UG voltage V UG . When R C is reduced and thus becomes closer to L/ C S Z 0 , the dip in S11 becomes deeper, as expected. In the following, we operate the RF-FET at a gate voltage V UG ¼ 2 V, corresponding to a channel resistance R C ¼ 40 kX, in order to optimize the sensitivity. Note that it is possible to obtain a deeper dip in S11 at larger channel resistances by reducing the stray capacitance Cs, which could be achieved in future devices by reducing the capacitance of the drain pad to the substrate.
In Fig. 3 , we demonstrate detection of a high-frequency signal applied to the gate using reflectometry of the RF-FET. Schematics of the reflectometry setup using the RF-FET is shown in Fig. 3(a) . Since the T-FET is turned on using V LG of 2 V, the side gate (SG) is electrically connected to the SN. An RF carrier signal S carrier whose frequency f carrier is close to f reso is applied to the RF-FET. f carrier is adjusted so that the slope of S11 characteristics [see Fig. 2(b) ] at f carrier is the steepest, which leads to the highest charge sensitivity. A target signal S target to be detected is then applied to the SG via the on-state T-FET, which is tuned here using its gate to act as a conducting channel. A frequency spectrum of a reflected signal S ref is then monitored with a spectrum analyzer. In order to evaluate the charge sensitivity precisely, the amplitude of S target applied to the SG is adjusted to correspond to the change in SN voltage caused by a single electron, as calibrated using the dc measurements, i.e., the change in I E caused by a single electron and the transconductance of the E-FET (Fig. 1) . 11, 18 Figure 3 each side peak corresponds to f target , allowing us to identify S target as the origin of the side-band peaks. 7, 9, 10 In order to quantitatively asses the charge sensitivity of the RF-FET, we feed S ref from the RF-FET into a mixer, together with S carrier . Doing so, the sideband peaks shown in Fig. 3(b) are down-mixed to a single peak in the output of the mixer at the same frequency as S target applied to the SG. The spectrum of the resulting signal out of the mixer is shown in Figure 3(c) . Note that the noise floor comes from the spectrum analyzer and not the intrinsic noise of the RF-FET. S target corresponding to a single electron is detected with a signal-to-noise ratio (SNR) of 21 dB and charge sensitivity of 2 Â 10 À4 e/Hz 0.5 , which is given by e/(2 Â RBW) À0. 5 
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, where the factor 2 accounts for the power collected from both side bands, and RBW is the resolution bandwidth of the spectrum analyzer configured during the measurements (100 kHz).
In Fig. 4 , we evaluate the charge sensitivity as a function of the power P carrier of S carrier . In principle, increasing the amplitude of S carrier will result in a larger amplitude of the charge-detection signal. In RF-SET devices, the maximum P carrier is limited by the small charging energy of the SET: further increases of the amplitude of S carrier do not increase the charge signal due to vanishing transconductance of the SET. A significant advantage of the RF-FET is that the transconductance is linear up to much higher source-drain voltages, allowing significantly larger P carrier to be used. In Fig.  4(a) , we show the change in the charge sensitivity of the RF-FET as a function of P carrier . Increasing P carrier , the charge sensitivity is improved as expected. In Fig. 4(a) , the improvement of the charge sensitivity shows a tendency to saturate at P carrier larger than 10 dBm because large P carrier increases the noise coming from the FET, degrades mobility of the FET, and puts the FET in a pinch-off condition. Note this saturation power corresponding to a AC voltage of 707 mV. This is considerably higher than the maximum useful AC source-drain voltage for an RF-SET, which is limited to the charging energy of the SET, typically in the range of a few mVs.
In Fig. 4(b) , we present data demonstrating the large readout bandwidth of the RF-FET. Fig. 4(b) shows the dependence of the charge sensitivity on frequency f target of S target . We achieve a charge sensitivity of $2 Â 10 À4 e/Hz 0.5 in a range of f target between 8 and 20 MHz. When f target is lower than 6 MHz (shaded area), the charge sensitivity becomes worse due to large noise floor originating from the spectrum analyzer [shown in Fig. 3(c) ]. At high frequencies, the charge sensitivity is gradually degraded due to the bandwidth limitation of the tank circuit, given by f reso /Q ¼ 35 MHz, where Q is the quality factor of S11 characteristics [ Fig. 2(b) ]. 10, 16, 17 In reflectometry experiments with tank circuits, higher Q is, in general, desirable to obtain a higher charge sensitivity. However, this higher Q also leads to a reduced detector bandwidth. By taking advantage of the large P carrier possible with the RF-FET, a high charge sensitivity can be achieved even a relatively small Q of 3. Doing so, we are able to achieve a combination of a high charge sensitivity of 2-4 Â 10 À4 e/Hz with a bandwidth of 30 MHz. Using the RF-FET, we have both enhanced the charge sensitivity and simultaneously expanded the bandwidth of charge detection with the nanoscale FET by more than two orders of magnitude.
Another noteworthy feature of the RF-FET using a combination of the T-FET and E-FET is a precise evaluation of the charge sensitivity. Since the charge sensitivity is extremely small, its evaluation needs a standard signal with high precision, which is, typically, a single electron. In other reports using RF-SETs, current characteristics originating from the Coulomb blockade are used to evaluate the standard signal corresponding to a single electron. However, as it is extremely difficult to achieve Coulomb blockade at room temperature, another way to evaluate the standard signal is required. The combination of the T-FET and E-FET which allows single-electron detection at room temperature as shown in Fig. 1(e) plays an important role in the evaluation of the standard signal.
Finally, we discuss the ideal charge sensitivity in terms of the fundamental noise limits in the RF-FET. As shown in Fig.  3(b) , S target is monitored using a reflection signal at f carrier -f target . Therefore, the charge sensitivity or SNR is dominated by the noise in the frequency range of the readout bandwidth centered Dependence of charge sensitivity on f target with P carrier ¼ 10 dBm and P target ¼ À28 dBm. The shaded area represents the frequency range in which the noise floor originating from the spectrum analyzer is increased at low frequencies, as shown in Fig. 3(c) .
at f carrier , which substantively eliminates flicker noise at low frequency. The noise in an FET at high frequency originates from the Johnson noise, which is given by À174 þ 10 log(RBW) ¼ À124 dBm at room temperature. Since the gain of the amplifier is 28 dB, the theoretical noise floor originating from the RF-FET is expected to be À96 dBm, which is lower than the noise floor (À91 dBm) of the spectrum analyzer in our measurements. A larger amplifier gain could increase the SNR by 5 dB, resulting in a further improvement of the charge sensitivity to 1.1 Â 10 À4 e/Hz 0.5 . In summary, we have demonstrated a reflectometry technique using a small FET at room temperature. Using an FET that is optimized to detect single electrons and taking advantage of the high power carrier signal possible with the FET, a combination of a charge sensitivity of 2 Â 10 À4 e/Hz 0.5 with a bandwidth of 30 MHz is obtained at room temperature. The high-sensitivity and large bandwidth of the RF-FET, not before possible outside of cryogenic experiments, will open up applications such as detecting tiny charge signals from devices such as nano-mechanical sensors.
